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Bioreduction can facilitate oxyanions removal from wastewater. However, simultaneously removing selenate,
nitrate and sulfate and recovering high-purity elemental selenium (Se0) from wastewater by a single system is
difficult and may lead to carcinogenic selenium monosulfide (SeS) formation. To solve this issue, a two-stage
biological fluidized bed (FBR) process with ethanol dosing based on oxidation-reduction potential (ORP) feed
back control was developed in this study. FBR1 performance was first evaluated at various ORP setpoints (be
tween − 520 and − 360 mV vs. Ag/AgCl) and elevated sulfate concentration. Subsequently, ethanol-fed FBR2 was
used to reduce sulfate from FBR1 effluent, followed by an aerated sulfide oxidation reactor (SOR). At
− 520 mV ≤ ORPs ≤ − 480 mV, FBR1 removed 100 ± 0.1% nitrate and 99.7 ± 0.3% selenate without sulfate
reduction. At ORPs ≥ − 440 mV, selenate reduction was incomplete, whereas nitrate removal remained stable.
Se0 recovery efficiency from FBR1 effluent was 37.5% with 71% Se purity. FBR2 converted 86% of the remaining
sulfate in FBR1 effluent to hydrogen sulfide, but the over-oxidation of dissolved sulfide in SOR decreased the
overall sulfate removal efficiency to ~46.3%. Overall, the two-stage FBR process with ORP feedback dosing of
ethanol was effective for sequentially removing selenate, nitrate and sulfate and recovering Se0 from wastewater.
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1. Introduction
Selenium is one of the metalloid elements in chalcogens, and often
found in natural sulfide minerals, such as pyrite and sphalerite (Kham
khash et al., 2017; Jain et al., 2017a). Due to the similar chemical
behavior to sulfur, selenium can substitute sulfur and be incorporated
into the structure of sulfide minerals (Lenz et al., 2008; Mantha et al.,
2012). The oxidation of these minerals during mining and metallurgical
processes releases wastewater containing selenium oxyanions (selenate
and selenite), sulfate and other pollutants, such as arsenic and metals
(Tan et al., 2016, 2018b; Luo et al., 2008; Zeng et al., 2019). Selenate
and selenite are highly toxic towards living organisms even at trace
level, and can cause teratogenic defects and reproductive failure of

aquatic wildlife, and also impact human health (Lai et al., 2020).
Typically, under ambient aerobic conditions, selenium in wastewaters is
present in its most oxidized form, selenate (SeO42-) (Subedi et al., 2017).
A stringent guideline for selenium concentration of < 40 µg Se L-1 in
drinking water has been set by the World Health Organization (WHO)
(WHO, 2011).
Since ingesting drinking-water containing high sulfate levels can
cause gastrointestinal effects, the WHO recommends the notification of
health authorities if sulfate concentration is higher than 500 mg L-1 in
drinking water (WHO, 2011). Nitrate often co-exists with selenium
oxyanions and sulfate in mining effluents due to the use of explosives in
blasting operations (Subedi et al., 2017; Johansson et al., 2015). Nitrate
is also recognized as an environmental pollutant that can cause
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methemoglobinemia in infants and accelerate eutrophication in surface
waters (Ontiveros-Valencia et al., 2012). The WHO has also set a
guideline value of 50 mg NO3 L-1 for nitrate in drinking water (WHO,
2011). Due to the health risks of selenate, nitrate and sulfate, waste
waters containing elevated concentrations of these oxyanions require
treatment before release to the environment.
Bioreduction is emerging as a cost-effective option for treating
wastewater contaminated with selenate, nitrate and sulfate (Nanchar
aiah and Lens, 2015a; Mal et al., 2017). The primary mechanism for
biological oxyanion removal from wastewater is based on anaerobic
reduction of the selenate, nitrate and sulfate to insoluble elemental Se,
gaseous nitrogen and hydrogen sulfide, respectively by microbes sup
plemented with a suitable electron donor. Biogenic elemental Se can be
separated from treated effluent via filtration or centrifugation, which
provides an opportunity for the recovery of elemental Se. The recovered
Se can be used as a raw material for the manufacture of light emitting
diodes, solar cells, heavy metal adsorption and as an antimicrobial
coating on semiconductors (Sinharoy et al., 2019), which may offset
some of the costs of the wastewater treatment. Denitrification generates
gaseous nitrogen which can be released into the atmosphere. Hydrogen
sulfide generated during biological sulfate reduction is toxic but can be
oxidized to elemental sulfur, which is recoverable (Bekmezci et al.,
2011).
Among the above mentioned oxyanions, nitrate is the most ener
getically favorable electron acceptor, followed by selenate and sulfate
according to the Gibbs free energies (∆G’) with ethanol as electron
donor (Reactions 1–4) (Tan et al., 2016; Zhou et al., 2018; Song et al.,
2021; Ramírez et al., 2018; Nevatalo et al., 2010). Therefore, if the
availability of electron donors is only sufficient to facilitate
bio-reduction of part of the oxyanions, nitrate reduction is expected to
proceed in preference to the reduction of selenate or sulfate. Likewise,
with the supplementation of sufficient electron donor, selenate and ni
trate rather than sulfate are expected to be removed in a single biore
actor system (Zhou et al., 2018; Lenz et al., 2009). Tan et al. (2018a)
used an up-flow anaerobic sludge blanket reactor (UASB) to treat sele
nate, nitrate and sulfate bearing wastewater with lactate as electron
donor at hydraulic retention time (HRT) of 24 h. They found that the
UASB could simultaneously remove close to 100% of 4 mM nitrate and
93 ± 5% of 0.1 mM selenate from wastewater, while sulfate removal was
only 38 ± 16% of the influent 15 mM sulfate. Zhou et al. (2018) reported
a complete removal of 0.03 mM selenate and 0.71 mM nitrate and a poor
21% removal of sulfate from an influent with 0.52 mM sulfate using a
hydrogen (H2)-based membrane biofilm reactor (MBfR) with a HRT of
10.4 h. Therefore, it seems challenging to achieve simultaneous removal
of selenate, nitrate and sulfate from wastewater in a single bioreactor
system.
CH3 CH2 OH + 2 SeO2−4 →2 Se0 ↓ + 2 CO2 ↑ + 4 OH− + H2 O
− 1

′

ΔG = − 848 kJ mol
5 CH3 CH2 OH + 12

NO−3

ΔG = − 66.4 kJ mol−
′

CH3 COO

→6 N2 ↑ + 10 CO2 ↑ + 12 OH− + 9 H2 O
− 1

−

+ SO2−4

1

(3)

(Nevatalo et al., 2010)

−

→HS + 2 HCO−3

(4)

ΔG = − 47.6 kJ mol (Nevatalo et al., 2010)
Developing a stepwise bioprocess to reduce oxyanions may be a
promising approach to remove selenate, nitrate and sulfate from
wastewater. In the stepwise process, the first stage is expected to remove
selenate and nitrate, followed by sulfate reduction in the second stage
(Fig. 1). This approach offers an opportunity to recover relatively pure
elemental Se (Fig. 1). Preferably, sulfate reduction should be completely
inhibited in the first stage, since simultaneous reduction of sulfate and
selenate can lead to the production of SexSy molecules or a mixture of
selenium and sulfides (Tan et al., 2016), which can impact the purity of
elemental Se in the recovered solids. Limiting the availability of electron
donor may prevent sulfate reduction in the first stage.
In a previous study by Yan et al., efficient reduction of selenate and
nitrate was demonstrated in a fluidized bed reactor (FBR) using
oxidation-reduction potential (ORP) as a parameter to control the dosing
of electron donor for the reduction of selenate and nitrate (Yan et al.,
2021). Optimal ORP setpoint enabled near complete selenate and nitrate
reduction with minimal electron donor dosing. Sulfate, which often
co-exists with nitrate and selenium oxyanions in mining effluents, was
not present in the FBR influent tested in the above study. Hence, it is
unclear whether ORP feedback control could be used to facilitate the
selective reduction of selenate and nitrate in the presence of sulfate.
Therefore, the objectives of this study were: (1) to investigate the
feasibility of a two-stage biological FBR process for sequential removal
of selenate, nitrate and sulfate from wastewater; (2) to investigate the
effect of FBR1 ORP setpoint on selenium and nitrogen removal in the
presence of sulfate; (3) to recover and characterize elemental Se from
the FBR1 effluent; and (4) to evaluate the performance of the FBR2 and
sulfide oxidation reactor for residual sulfate removal from the FBR1
effluent. FBRs were selected in this study for biological reduction of
selenate and nitrate in the first step and sulfate reduction in the second
step, since FBRs are excellent in maintaining high biomass retention and
mass transfer enabling the use of short HRTs and small foot print
(Özkaya et al., 2019). Moreover, FBRs have usually no channeling or
clogging problems (Özkaya et al., 2019) that are often associated with
packed bed bioreactor and membrane biofilm reactor operation. Ethanol
was chosen as the electron donor and carbon source since it has been
reported to be a cost-effective carbon source and has been used in
commercial bioreactors (Kolmert and Johnson, 2001; White and Gadd,
1996; Gibert et al., 2002). Moreover, complete oxidation of ethanol can
produce alkalinity that can neutralize acidity of wastewater. Due to the
toxicity of hydrogen sulfide, partial sulfide oxidation to elemental sulfur
was also evaluated after sulfate reduction as a third unit process.
′

(1)

(Song et al., 2018)

ΔG = − 1230.7 kJ mol
′

CH3 CH2 OH + 0.5 SO2−4 →CH3 COO− + 0.5 HS− + 0.5 H+ + H2 O

− 1

(2)

(Ramírez et al., 2018)

Fig. 1. The schematic diagram of biological process for sequential removal of selenate, nitrate and sulfate and recovery of elemental Se and S.
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2. Materials and methods

and stock solutions in this study.

2.1. Configuration and general operation of the bioreactor process

2.3. The operational conditions of the two FBRs

Three lab-scale reactors with a height of 40 cm and an internal
diameter of 5 cm were used for the set-up of two FBRs (FBR1 (Yan et al.,
2021) and FBR2 (Yan et al., 2020a)) and one sulfide oxidation reactor
(SOR), respectively. The empty volume of each of the three reactors was
850 mL. Both FBRs were loaded with granular activated carbon (GAC) as
biomass carrier and glass beads as GAC supporting material on the re
actors base. The fluidization rate of the GAC carrier in the two FBRs was
20%, which was achieved by recycling effluent upward within the re
actors with Masterflex® peristaltic pumps. The working volume of the
two FBRs was approximately 600 mL. FBR1 was operated for the
reduction of selenate and nitrate from synthetic wastewater at an
influent flow rate of 50 mL min-1 and an HRT of 12 h. The effluent line of
FBR1 was connected to a 5-L glass bottle, the headspace of which was
equipped with two gas traps, which contained 69% HNO3 (vol/vol) and
3 M NaOH, respectively to sequentially remove possible alkylated Se
and H2Se from the process off-gas (Yan et al., 2020b). The FBR1 head
space was continuously flushed with high purity N2 at a flow rate of
1.5 L min-1 throughout the process to ensure anoxic condition, and to
drive the effluent and any gases produced from the FBR1 to the effluent
container and gas traps.
The FBR2 was fed with the supernatant of FBR1 effluent at an
influent flow rate of 6.3 mL min-1 and an HRT of 96 h. The top of the
FBR2 was connected to a gas bag (2 L) filled with high purity N2 to
maintain anaerobic condition in the FBR2 headspace. The FBR2 effluent
was decanted from an effluent port into a 200-mL capped glass vessel,
from which the effluent was further transferred into a stage 3 SOR
(working volume = 850 mL) via a peristaltic pump (at the same
influent flow rate as FBR2). To oxidize dissolved sulfide in the SOR, a
sintered glass aerator was placed in the middle of SOR and the SOR was
aerated at a rate of 1.1 mL min-1. A fraction of SOR effluent was recycled
at recirculation rate of 13.0 L h-1 to facilitate mass transfer. Finally, the
SOR effluent was collected in a 520-mL glass tank to allow elemental
sulfur to settle for recovery. The temperatures of the FBR1, FBR2 and
SOR were controlled at 35 ◦ C using heating jackets (BCS 2, SHINKO).

The operation and assessment of the proposed multi-stage bioprocess
were conducted in three phases (Table 1). The FBR1 was continuously
operated for 134 days. In phase i, the FBR1 performance was evaluated
at various ORP set points (mV vs. Ag/AgCl), namely − 520 mV,
− 480 mV, − 440 mV, − 400 mV and − 360 mV for 51 days. In phase ii,
the recovery of FBR1 performance upon exposure to the highest ORP
setpoint (− 360 mV) was investigated by reinstating the ORP setpoint to
− 480 mV for 21 days. Since sulfate can inhibit selenate reduction at S/
Se molar ratio of ~1.25 or higher by inhibiting the production of Modependent selenate reductases (Shi et al., 2020), the effect of elevated
sulfate concentration (21 mM) on the effective feedback control of ORP
at − 480 mV for the reduction of both selenate and nitrate, sulfate
concentration in FBR1 influent was studied for 61 days. Ethanol addition
to FBR1 was controlled by using LabVIEW™ feedback controlling soft
ware (National Instruments, USA) that compared the real-time ORP
signals against an ORP setpoint. When the real-time ORP value in FBR1
was above the setpoint, ethanol dosing to FBR1 was triggered. The
weight of the ethanol stock solution was measured at regular intervals
for calculating the actual ethanol loading rate of FBR1 at various redox
setpoints.
In phase iii, FBR1 effluent was collected on days 110–129, during
which the FBR1 performance was stable with consistent reduction of
selenate and nitrate and no notable reduction of sulfate. The collected
effluent was centrifugated at 20,000g for 20 min at room temperature
and the pellet was washed six times with Milli-Q water and solids har
vested with centrifugation between each wash. After final wash, the
pellet was resuspended in 10 mL Milli-Q water, frozen at − 20 ◦ C
overnight, and finally freeze-dried using vacuum freeze dryer (Thermo
Fisher Scientific) at − 12.8 ◦ C for 2 days. The clear supernatant was
transferred to a 5-L plastic tank and stored in a fridge at 2 ◦ C for use as an
influent for the FBR2. Ethanol was supplemented from a 500 mM
ethanol solution to FBR2 at influent ethanol to sulfate molar ratio of 1:1
for facilitating biological sulfate reduction.
2.4. FBR process monitoring and physio-chemical analysis

2.2. Inoculum and composition of synthetic wastewater

The ORP and pH in the reactor were monitored online using an in
termediate junction pH probe (Ionode IJ44) and an ORP combination
electrode (Ionode PRFO, Ag/AgCl reference), respectively. The probes
were mounted at the liquid recirculation line of the FBR1. The data of
both pH and ORP was recorded every 10 min via a programmable logic
controller (CompactRio National Instruments, USA) controlled by the
LabVIEW™ software. ORP and pH sensors were calibrated with standard
solutions on a weekly basis.
Influent and effluent samples were filtered through 0.2 µm What
man® nylon membrane syringe filter and the filtrates were stored at 4 ◦ C
in the dark prior to analysis. Selenate, selenite, nitrate, nitrite and sulfate
concentrations were analyzed using a Dionex ICS-3000 reagent free ion
chromatography (RFIC) system equipped with an IonPac® AS18
4 × 250 mm column. Acetate produced as an intermediate from ethanol
oxidation was also determined by RFIC. Ammonium concentration was
determined by Dionex ICS-3000 RFIC equipped with an IonPac® CG16,
CS16, 5 mm column. Total selenium in unfiltered effluent samples was
measured by ICP-optical emission spectrophotometer (ICP-OES) at
CSIRO Analytical Chemistry Laboratory, Waterford, Perth, Western
Australia. In this analytical process, 15 mL of sample was first added in a
digestion vessel, followed by 10 mL of concentrated nitric acid and
30 mL of H2O2 (30%, vol/vol). The vessel was then closed and heated up
at 84 ◦ C in an oven overnight. Thereafter, the volume of all samples was
increased to 100 mL before analyzing total selenium with ICP-OES.
Total dissolved selenium and selenium speciation in effluent filtrates
collected at selected time points during the stable performance of the

The original inoculum of the FBR1 was collected from a lab-scale
selenate reducing inverse fluidized bed reactor (IFBR) fed with 10 mM
ethanol as sole electron donor and 10 mM selenate as sole electron
acceptor (Cheng et al., 2017). The microbial consortium in the FBR1 was
enriched from environmental samples with 10 mM of both ethanol and
selenate (Yan et al., 2020b). Before this study, the consortium in the
FBR1 efficiently reduced 5 mM of both selenate and nitrate in the
absence of sulfate at redox potentials between − 520 mV and − 300 mV
(vs. Ag/AgCl) at an HRT of 12 h (Yan et al., 2021). FBR2 was originally
inoculated with a sulfate-reducing consortium (Yan et al., 2020a). Prior
to this study, the consortium was acclimatized in the FBR2 for over one
year, with a continuous loading of an ethanol (18.8 mM) amended mine
water containing 18.8 mM of sulfate (Yan et al., 2020a).
The synthetic wastewater used for influent of the two-stage FBR
process contained (g L-1): 0.945 (5 mM) Na2SeO4, 0.425 (5 mM) NaNO3,
0.71–2.98 (5–21 mM) Na2SO4, 0.5 MgCl2⋅6H2O, 1.0 NaHCO3,
0.225 K2HPO4, 0.04 CaCl2⋅2H2O, 0.182 NH4Cl, 0.06 cysteine hydro
chloride, 0.5 mL L-1 of 20× stock of DSM 141 vitamin solution as well as
2 mL L-1 trace element solution, which contained (g L-1): 1.043 ZnCl2;
5.06 MnCl2⋅4H2O; 5.0 FeSO4⋅7H2O; 1.1 (NH4)6Mo7O24⋅4H2O; 1.51
CuSO4⋅5H2O; 1.61 CoCl2⋅6H2O; 50 EDTA (Cheng et al., 2014). Ethanol
stock solution (500 mM) was used for initiating microbial reduction of
selenate and nitrate in FBR1 and sulfate reduction in FBR2, respectively.
The pH of the synthetic wastewater was adjusted to 4.0 with 6 M HCl.
Milli-Q water (18 MΩ cm) was used to prepare the synthetic wastewater
3
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Table 1
Operation periods in the FBR1 process.
Phase

i
ii
iii

Duration
(days)
1-51
52-72
73-134

Influent condition
Selenate
(mM)

Nitrate
(mM)

Sulfate
(mM)

pH

5
5
5

5
5
5

5
5
21

4
4
4

ORP setpoint in FBR (mV vs. Ag/AgCl)

Aim of phase

-520, -480, -440, -400, -360
-480
-480

To investigate the effect of ORP setpoint on the FBR1 performance
To restore the FBR1 performance after the shortage of electron donor
To study the effect of sulfate on the FRB1 performance

FBR at each tested ORP were analyzed by Brooks Applied Labs, USA
(0.61 μM detection limit). For the quantification of total dissolved se
lenium, samples were preserved with 10% nitric acid (HNO3) and
digested in a closed vessel (bomb) with HNO3 and hydrochloric acid
(HCl). The Se contents of the resulting digests were analyzed via
inductively coupled plasma triple quadrupole mass spectrometry (ICPQQQ-MS). The accuracy of the results was ensured by using advanced
interference removal technique during the ICP-QQQ-MS analysis. The Se
speciation was analyzed using ion chromatography inductively coupled
plasma collision reaction cell mass spectrometry (IC-ICP-CRC-MS). An
anion exchange column was used to chromatographically separate the
selenium species before quantification using inductively coupled plasma
collision reaction cell mass spectrometry (ICP-CRC-MS) (Wallschläger
and Roehl, 2001).
Ethanol concentration was analyzed using a gas chromatograph (GC
TRACE 1310, Thermo Fisher Scientific) equipped with a Stabilwax®-DA
column coated with Crossbond® Carbowax® polyethylene glycol film
(30 m × 0.25 mm × 0.25 µm, Restek®, USA) and a flame ionization
detector (Yan et al., 2020b). The total alkalinity in the effluent was
determined using a standard method titrating the pH of unfiltered
samples with 0.02 M HCl to 4.5 (Tarigan, 2013). Cell numbers on both
GAC carrier and liquid in FBR1 were determined by phase contrast
microscopy using Helber bacteria counting chamber. The sampling and
sample preparation for cell counting were conducted as reported pre
viously (Yan et al., 2021). Total suspended solids (TSS) concentration
and sludge volume index (SVI) of FBR1 effluent were determined in
triplicate according to Kaksonen et al. (2014).

poly-L-lysine-treated adhesive indium-tin oxide slide and incubated for
30 min to allow cell attachment. The glass slide was then washed three
times by immersing in phosphate buffer (0.1 M, pH 7) for 5 min,
dehydrated by immersing in ethanol gradients (25%, 50%, 75% pre
pared with distilled water and 100% dehydrated pure ethanol) for
10 min. The 100% ethanol was exchanged twice before the sample was
dried in a Polaron KE3000 CO2 critical point drier (Quorum, UK). The
dried glass was sputter-coated with Pt with a thickness of 3 nm. The SEM
imaging was conducted with a Verios XHR SEM (FEI, USA) and the EDS
element maps were constructed using AZtec software.
2.6. ζ-potential analysis
The ζ-potential analysis of the bioreactor effluent samples collected
on day 129 in phase iii was carried out on a Malvern Zetasizer Nano ZS
(Malvern Instruments, UK) equipped with a 633 nm laser using Laser
Doppler Electrophoresis as the basic operation principle. Three samples
of 1 mL were collected into DTS1070 cell and allowed to equilibrate for
120 s at 25 ℃. The ζ-potential was analyzed at 25 ℃ using Smo
luchowski approximation with f(Ka) set at 1.5.
2.7. Calculations
The amount of elemental Se in the FBR1 effluent was calculated
according to (5).
Elemental Se(mM) = Total selenium − Total dissolved selenium

(5)

Electron transfer rates and efficiencies for the reduction of selenate,
nitrate and sulfate were calculated to understand how efficiently the
electrons in the ethanol were utilized by microbial community in FBR1
or FBR2 for reducing each oxyanion. For selenate reduction, it was
assumed that selenite and elemental Se (including internal and external
elemental Se) were the two main products (Yan et al., 2021). Since all
tested ORP values in this study were low enough to achieve nitrate
reduction to N2 or ammonium (Takeno, 2005) and the accumulation of
gaseous NO or N2O would be transient (if they were being formed) in the
system (Wunderlin et al., 2012), N2 or ammonium were assumed to be
the main end products for nitrate reduction. According to previous
study, hydrogen sulfide was the main product of biological sulfate
reduction (Kaksonen et al., 2004).
The corresponding electron transfer rates and efficiencies in FBR1
were calculated according to the following Eqs. (6–13).
(
)
(mt1 − mt2 )
Flow rateethanol stock mL h− 1 =
(6)
ρ × (t2 − t1 )

2.5. Characterization of FBR1 effluent and recovered solids from FBR1
The crystal structure of solids collected from FBR1 effluent was
characterized by quantitative X-ray diffraction (QXRD). Generally, XRD
measurements were carried out in a PANalytical high resolution multi
purpose powder diffractometer (Empyrean). Coα radiation was used and
operated at 45 kV and 40 mA. A Bragg-Brentano monochromator with
high definition was applied to the incident beam. A PIXcel3D photon
counting X-ray detector was used to collect the data over an angular
range of 5–130◦ 2θ with a continuous scan mode of 120 min scanning
time. The QXRD data was interpreted with the Highscore Plus (4.8)
including ICDD database (2011). QXRD was modeled using The Rietveld
based analysis by Bruker TOPAS 5.0. The actual mineral % was further
adjusted so the predicted Si and Se values matched the observed values,
the amorphous content made up the rest of the value so all mineral
phases including amorphous added up to 100%. Here, elemental Se and
quartz were adjusted based on elemental analysis results, assuming all
Se was present as elemental Se, and all Si present as quartz. Elemental
analysis of Se, Ca, K, Mg, Na, P and Si were conducted using Agilent
Technologies 5110 ICP-OES. The total and inorganic carbon (TC and
TIC) and elemental sulfur were analyzed by combustion method using a
Labfit CS 2000 instrument.
Microbial cells in the FBR1 effluent were visualized with scanning
electron microscopy (SEM) with an energy-dispersive X-ray spectros
copy (EDS) analyzer. Briefly, a 5 mL aliquot of the bioreactor culture
was fixed with 5 mL of 2.5% glutaraldehyde prepared in phosphate
buffer (0.0578 M Na2HPO4 and 0.0422 M NaH2PO4, pH 7) for 1 day at
4 ℃. Thereafter, 100 μL of the fixed culture was added to the surface of a

Where mt1 and mt2 represented the weight (in g) of ethanol stock so
lution recorded at time t1 and time t2 (in h), respectively and ρ was the
density (g mL-1) of the 500 mM ethanol solution.
)
(
Actual electron loading rate AELR,mM e h− 1
]
[
(
Concentrationethanol stock × Flow rateethanol stock
=
× 12 e mol mol ethanol)− 1
Working volume
(7)

4
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)
(
Actual electron consumption rate AECR, mM e h− 1
= AELR −

4 electrons × acetateout
HRT

Total cells in liquid(cells) = Cell densityFBR1 effluent × working volume FBR1
(20)

(8)

In this study, the actual electron e– consumption rate was considered
the same as the actual electron loading rate, when the supplied ethanol
was completely oxidized over a stable period at all tested ORPs.
)
Theoretical e− consumption rate in selenate reduction (TECRSeO2−4 , mM e h− 1
=

)
(
6 electrons × SeO2−4 in − SeO2−4 out − SeO2−3 out + 2 electrons × SeO2−3 out
HRTFBR1

Total cells in carrier(cells) =

Detached cell densityGAC × liquid volumesonication
GAC volumesonication

× total GAC volume FBR1
(21)
In 21(21), “Detached cell density GAC” was the cell density of de
tached GAC cells in 0.9% NaCl solution; “liquid volume sonication” was the
volume of 0.9% NaCl solution, which was used for suspending detached
GAC cells in sonication experiments; “GAC volume sonication” was the
GAC volume in sonication experiments. The unit of cell density in Eqs.
(20–21) was “cells mL-1”.

(9)

)
Theoretical e− consumption rate in nitrate reduction (TECRNO−3 , mM e h−
=

+
5 electrons × [NO−3 in − NO−3 out − (NH+
4 in − NH4 out
HRTFBR 1

)]

1

+
+ 8 electrons × (NH+
4 in − NH4 out

)

(10)

3. Results and discussion
Theoretical e− consumption rate in sulfate reduction (TECRSO2−4 , mM e h− 1 )
8 electrons × (SO2−4 in − SO2−4 out )
=
HRTFBR1or FBR2

3.1. Selective reduction of selenate, nitrate and sulfate in FBR1
3.1.1. Effect of ORP on the reduction of selenate, nitrate and sulfate in
FBR1
In phase i, the FBR1 was operated at various ORP setpoints (− 520,
− 480, − 440, − 400 and − 360 mV) to evaluate whether FBR1 could
selectively remove selenate, nitrate and sulfate via on-line ORP feedback
control of ethanol dosing. At the low ORP setpoint of − 520 mV, ethanol
loading rate into the FBR was controlled at approximately
0.43 ± 0.01 mM h-1 (during days 1–11; Figs. 2a and 3a). The ethanol
dosing was lower than the theoretical demand of 0.65 mM h-1 (esti
mated based on the stochiometric requirement for the reduction of
selenate to elemental Se, nitrate to gaseous nitrogen and sulfate to
hydrogen sulfide), but it was enough for near complete removal of both
selenate and nitrate in the FBR1 with selenate and nitrate removal ef
ficiencies of 99.8 ± 0.2% and 100 ± 0.1%, respectively, and removal
rates of 0.41 ± 0.01 mM h-1 (32.4 ± 0.8 mg Se-SeO42- L-1 h-1) and
0.39 ± 0.01 mM h-1 (5.46 ± 0.14 mg N-NO3- L-1 h-1), respectively
(Figs. 2c, e, i and 3b–e). During this period, sulfate concentration in the
FBR did not notably change, suggesting that limited availability of
ethanol successfully prevented sulfate reduction in the FBR1 (Fig. 2h–i).
To further determine at which ORP setpoint ethanol demand would
be limiting the removal of selenate and nitrate in presence of sulfate,
ORP setpoint in the FBR1 was stepwise increased from − 520 mV to
− 480 mV, − 440 mV, − 400 mV and − 360 mV (Fig. 2a). At ORP set
point of − 480 mV, ethanol loading rate decreased from
0.43 ± 0.01 mM h-1 to 0.40 ± 0.03 mM h-1 during days 12–22, but it
did not impact the reduction of both selenate and nitrate with
99.6 ± 0.3% selenate removal efficiency and 100 ± 0.08% nitrate
removal efficiency, and 0.41 ± 0.01 mM h-1 (32.4 ± 0.8 mg Se-SeO42- L1 -1
h ) selenate removal rate and 0.40 ± 0.01 mM h-1 (5.60 ± 0.14 mg NNO3- L-1 h-1) nitrate removal rate (Figs. 2c, e, i, and 3a–e). At ORP set
point of − 440 mV, ethanol loading rate decreased from
0.40 ± 0.03 mM h-1 to 0.38 ± 0.02 mM h-1 on days 23–31 (Figs. 2a, b
and 3a). During this period, FBR1 could achieve 99.1 ± 1.3% of selenate
removal efficiency and 100 ± 0.1% of nitrate removal efficiency
(Figs. 2i and 3b,c). Although no notable nitrite was produced from ni
trate reduction in FBR1 (Fig. 2f), 0.03–0.19 mM selenite was generated

(11)

In Eqs. (4–7), the subscripts “in” and “out” represent the concen
trations of the corresponding compounds (acetate, SeO42-, SeO32-, NO3-,
NH4+ or SO42-) in influent and effluent, respectively. NO2- was not
included in the 10(10) because NO2- was not detectable throughout the
process in FBR1.
Electron transfer efficiency in selenate, nitrate or sulfate reduction (ETE, %)
(
)
TECR
= 100% ×
AECR FBR1or FBR2
(12)
( )
Total electron transfer efficiency % = ETESeO2−4 +ETE NO−3 +ETE SO2−4
(13)
The amounts of electrons mentioned in the above equations were
based on the corresponding half reactions as specified below (14− 19)
(Zhou et al., 2018; Nancharaiah and Lens, 2015b; Oliveira et al., 2017).
Concentrations of ethanol solution, selenate, selenite, nitrate, ammo
nium or sulfate were expressed in mM.
CH3 CH2 OH + 3 H2 O→2 CO2 + 12 e− + 12 H+

(14)

SeO2−4 + 6 e− + 8 H+ →Se0 + 4 H2 O

(15)

SeO2−4 + 2 e− + 2 H+ →SeO2−3 + H2

(16)

NO−3 + 5 e− + 6 H+ →0.5 N2 + 3 H2 O

(17)

NO−3 + 8 e− + 10 H+ →NH+
4 + 3H2 O

(18)

SO2−4 + 8 e− + 10 H+ →H2 S + 4 H2 O

(19)

Total cell numbers in liquid and carrier were calculated as shown in Eqs.
(20) and (21), respectively,
5
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Fig. 2. Changes in redox potential (ORP) (a), ethanol loading rate (b), selenate (c), selenite (d), nitrate (e), nitrite (f), ammonium (g), sulfate (h), removal efficiency
of selenate, nitrate or sulfate (i), ethanol (j), acetate (k), alkalinity (l), solution pH (m) and cell number (n) in FBR1 biofilm and liquid over time. Hydraulic retention
time was 12 h.

from selenate reduction in FBR1 effluent (Fig. 2d). The result suggested
that selenate reduction was impacted by the limited availability of
ethanol at ORP setpoint of − 440 mV. Further increase of ORP setpoint
from − 440 mV to high ORP of − 400 mV or − 360 mV further reduced
ethanol loading from 0.38 ± 0.02 mM h-1 to 0.36 ± 0.05 mM h-1 (days
32–44) and 0.27 ± 0.03 mM h-1 (days 45–51), respectively (Figs. 2a, b
and 3a). The lower ethanol demand impacted selenate removal in FBR1,
with selenate removal efficiency declined to 88.7 ± 9.0% or

79.4 ± 18.1% (Figs. 2c, i and 3b), and selenate removal rate decreased
to 0.37 ± 0.02 mM h-1 (29.2 ± 1.6 mg Se-SeO42- L-1 h-1) or
0.32 ± 0.07 mM h-1 (25.3 ± 5.5 mg Se-SeO42- L-1 h-1) at ORP setpoints
of − 400 mV or − 360 mV, respectively (Fig. 3d). Due to the limited
ethanol availability in FBR1, more selenite (0.3–1.04 mM) was pro
duced from selenate reduction at ORP setpoints higher than − 440 mV
(Fig. 2d). Although ethanol loading rates at ORP setpoints of − 400 or
− 360 mV were lower than the theoretical value of 0.38 mM h-1
6
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0.42 ± 0.02 mM h-1 during days 52–71 (Figs. 2a, b and 3a). With the
increased ethanol loading rate, the selenate removal efficiency readily
increased to near 100% after 4 HRTs (Figs. 2b, i and 3b) and no selenite
was detected in FBR1 effluent thereafter (Fig. 2d).
3.1.2. Effect of ORP on the oxidation of ethanol and acetate in FBR1
The oxidation of ethanol and acetate was studied during the reduc
tion of oxyanions in FBR1 in phases i-ii. The results showed that ethanol
was completely utilized for the reduction of both selenate and nitrate
with no acetate production in FBR1 in phases i-ii (Days 1–72, Fig. 2i–k).
The total alkalinity produced from ethanol oxidation in FBR1 effluent
was 7.5–8.7 mM CaCO3 at ORP setpoints ranging between − 520 mV
and − 400 mV, but decreased to 4.7 mM CaCO3 at the ORP setpoint of
− 360 mV (Fig. 2l). The decrease of alkalinity at ORP of − 360 mV could
be ascribed to the decrease of ethanol dosing (Figs. 2a, b and 3a). In
phase ii, the increased ethanol dosage resulted in an increase of alka
linity from 4.7 mM CaCO3 to 7.2 mM CaCO3 (Figs. 2a, b, l and 3a). The
produced alkalinity also effectively neutralized the influent acidity,
resulting in an effluent pH of 8–10 (Fig. 2m). The total cell number in the
GAC carrier of FBR1 slightly decreased from (2 ± 0.05) × 1012 cells to
(8.1 ± 0.3) × 1011 cells as ORP setpoint was decreased from − 520 mV
to − 360 mV (days 1–51, Fig. 2n). This was likely a result of electron
donor variation in FBR1. The low cell number was observed increasing
((1.4 ± 0.2) × 1012 cells) when the ORP setpoint was decreased to
− 480 mV during phase ii recovery process (days 52–72). Even though
attached cell numbers were observed varying, there was no noticeable
influence of redox on the suspended cell number of FBR1 liquor. The
total suspended cell number remained steady approximately approxi
mately (1.1 ± 0.1) × 1010 cells (Fig. 2n).
3.1.3. Effect of sulfate concentration on FBR1 performance
In phase iii, sulfate concentration in the FBR1 influent was increased
from 5 mM to 21 mM maintaining ORP setpoint at − 480 mV to inves
tigate the effect of sulfate concentration on the FBR1 performance
(Fig. 2a and h). Results showed that although influent sulfate concen
tration was increased by 4 times on day 73, ethanol loading rate did not
change and remained at 0.40 ± 0.01 mM h-1 on days 73–95, supporting
complete removal of selenate and nitrate with no notable selenite and
nitrite production (Figs. 2c–f, i and 3a–e). The increase of sulfate con
centration also did not initiate sulfate reduction in FBR1 (Fig. 2h).
Overall, the elevated sulfate concentration had no impact on the sta
bility of the FBR1 for selective removal of selenate and nitrate. However,
a notable increase of ORP in the FBR was observed during days 97–99
and the ORP recorded in FBR1 was 200 mV higher than the setpoint on
day 99 (Fig. 2a). The increased ORP was accompanied with a decline of
selenate removal efficiency (89.9%, Fig. 2i) and a production of selenite
(0.23 mM or 18.2 mg L-1 Se-SeO32-, Fig. 2d) in FBR1. The decline of
FBR1 performance was due to a mechanical failure of ethanol dosage,
decreasing ethanol loading into FBR1 (0.23 mM h-1, Fig. 2b). Possible
air intrusion into the reactor was also noted. Upon attending to the
mechanical failures on day 100, FBR1 performance restored on day 103.
ORP in FBR1 was once again well controlled at setpoint of − 480 mV
with feedback dosage of ethanol during days 103–133 (Fig. 2a). The
ethanol loading rate and selenate removal efficiency (0.41 mM h-1 and
100%, respectively, Fig. 2b) returned to similar values as noted during
days 73–95.
In terms of ethanol consumption in phase iii, the oxidation efficiency
of ethanol and acetate remained unchanged with effluent alkalinity
(7.4 ± 0.18 mM CaCO3) and pH (8− 10) well maintained (Fig. 2j–m).
Total cell numbers in FBR1 were slightly decreased from (1.4 ± 0.2) ×
1012 cells to (1.2 ± 0.1) × 1012 cells in biofilm and from
(1.5 ± 0.03) × 1011 cells to (1.0 ± 0.2) × 1011 cells in liquor during
days 72–88. The cell numbers, however, increased to (1.0 ± 0.04) ×
1012 cells in biofilm and to (2.0 ± 0.3) × 1011 cells in FBR1 liquor at the
end of the FBR1 operation (Fig. 2n), suggesting that the microbial
community in FBR1 gradually adapted to the high sulfate concentration.

Fig. 3. Actual ethanol loading rate (a), selenate removal efficiency (b), nitrate
removal efficiency (c), selenate removal rate (d), nitrate removal rate (e) in
FBR1 at various redox potential (ORP) setpoints during stable reactor
performance.

(estimated based on the stochiometric requirement for the reduction of
selenate to elemental Se and nitrate to gaseous nitrogen), nitrate
reduction in FBR1 was not impacted with near a 100% of nitrate
removal efficiency and no nitrite accumulation (Figs. 2e, f, i and 3c).
This result suggested that there was a competition for ethanol between
selenate reducers and nitrate reducers at ORP setpoints higher than
− 440 mV. In this case (ORP ≥ − 440 mV), the supplied ethanol
favored a complete reduction of nitrate over selenate. Therefore, an ORP
of − 480 mV was identified as the optimal setpoint for FBR1, at which
near complete removal of both selenate and nitrate in the presence of
sulfate could be achieved with minimal ethanol dosing.
In phase ii, in order to restore the FBR performance after exposure to
a shortage of ethanol dosing, the ORP setpoint of FBR1 was decreased
from − 360 mV to − 480 mV on day 52 (Fig. 2a). The results demon
strated that ORP in FBR1 quickly recovered close to setpoint along with
an increase of ethanol loading rate from 0.27 ± 0.03 mM h-1 to
7
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ethanol supplied to the FBR was sufficient (Chasteen and Bentley, 2003;
Hageman et al., 2013). MSA can be used for cancer treatment (Varla
mova and Turovsky, 2021; Qiu et al., 2019), suggesting commercial
values for its recovery. In this study MSA production in FBR1 was too
small to be considered for recovery. However, further work could
explore the optimization of the MSA yield for recovery. At ORP setpoints
higher than − 520 mV, no notable MSA was detected in FBR1 effluent,
which was likely due to the decrease of ethanol dosage. The production
of SeCN- and SeSO32- may also be influenced by the presence of nitrate
and sulfate. SeCN- and SeSO32- were not detected at ORP setpoints
higher than − 480 mV (Fig. 4a–c). The SeSO32- concentration of 0.4 μM
detected at ORP setpoint of − 480 mV was 23 times higher than previ
ously reported in a selenate reducing FBR (Yan et al., 2021), which may
be due to the high concentration of sulfate in this study.
Nitrite and ammonia were monitored as the typical byproducts. In
Fig. 2e, there was no nitrite accumulated in the FBR1 throughout reactor
operation, suggesting nitrate may be reduced to gaseous nitrogen or
ammonia. The results suggested that 1.4 ± 0.37 mM (19.6 ± 5.2 mg L-1
N-NH4+) ammonia was produced (calculated as the difference between
the effluent and influent ammonia concentrations) at ORP setpoints
between − 520 mV and − 440 mV, but the produced ammonia in FBR1
decreased to the value of 0.1–0.9 mM (1.4 – 12.6 mg L-1 N-NH4+) at
higher ORP values between − 400 mV and − 360 mV (Fig. 2g) which
was likely due to the declined ethanol dosing or the high COD/nitrate
molar ratio (Fig. 2c and Table 3) (Rütting et al., 2011).
In phases ii-iii, no MSA, SeCN-, and SeSO32- were detected in the
FBR1 effluent. Further, effluent ammonia was 0.4–1.1 mM (5.6 –
15.4 mg L-1 N-NH4+) higher than that in influent in phase ii (Fig. 2g),
reflecting the sufficient supply of electron donor. However, when the
influent sulfate was increased from 5 mM to 21 mM, the effluent
ammonia was 1–2.2 mM (14.0 – 30.8 mg L-1 N-NH4+) lower than that in
influent (Fig. 2g), but became similar to influent later in phase iii.
3.1.5. Efficiency of electron transfer from ethanol to oxyanions in FBR1
To further understand how the control of ORP influences the con
sumption of ethanol electrons by the microbial community in FBR1 for
oxyanions reduction, AECR, TECR and ETE in the reduction of selenate,
nitrate or sulfate in FBR1 were calculated. Since no notable sulfate was
reduced in FBR1 in any of the three stages, total TECR/ETE of oxyanions
only consisted of TCER/ETE selenate and TCER/ETE nitrate (Fig. 5).
In phase i, at low ORP setpoint of − 520 mV or − 480 mV, AECR was
higher than TECR (5.16 ± 0.15 mM e h-1 vs. 4.67 ± 0.18 mM e h-1 at
ORP of − 520 mV; 4.86 ± 0.34 mM e h-1 vs. 4.69 ± 0.28 mM e h-1 at
ORP of − 480 mV) with total ETE of 90.5 ± 3.9% or 96.4 ± 7.6%, during
which 100% of selenate and nitrate were reduced (Fig. 5a,b). The result
suggested electron donor dosing was sufficient and electrons could be
efficiently utilized by microbes in FBR1 for complete reduction of sele
nate and nitrate at low ORP setpoints of − 520 mV or − 480 mV.
However, at ORP setpoints higher than − 480 mV, AECR was gradually
reduced to lower than TECR and ETE became higher than 100% (Fig. 5a,
b). For instance, at ORP setpoint of − 360 mV, AECR was
3.24 ± 0.36 mM e h-1 that was lower than TECR of 3.85 ± 0.41 mM e h-1
(Fig. 5a), resulting in a very high ETE of 121 ± 22.8% (Fig. 5b). Two
reasons may account for high ETE at high redox potentials. Firstly, redox
potential higher than − 480 mV limited the availability of electron
donor, which directly decreased the ETE. Secondly, with the limited
supply of electron donor microbes in FBR1 may use other substrates as
electron donor such as organic compounds released from microbial cells
to reduce a fraction of selenate and nitrate, thus leading to the increase
of TECR as well and ETE. Given that at ORP setpoint of − 480 mV FBR1
could achieve complete ethanol oxidation and the reduction of selenate
and nitrate with high total ETE, − 480 mV was considered to be the
optimal ORP setpoint for FBR1 process.
In phase ii, the decrease of redox potential from a high value of
− 360 mV to − 480 mV in FBR1 resulted in the increase of AECR from
3.2 mM e h-1 to 5.1 mM e h-1 with total ETE decreased from

Fig. 4. The overall speciation of selenium in FBR1 effluent at various redox
potential (ORP) setpoints in phase i (a and b) and phase ii-iii (c); Changes in the
concentrations of methylseleninic acid, selenocyanate and selenosulfate in
FBR1 effluent at various ORPs in stage i (b). “Unaccounted selenium” = “in
fluent selenium” - “total selenium in effluent”.

3.1.4. Changes in the speciation of selenium and nitrogen in FBR1
Given that ORP plays an important role in the changes of the
speciation of selenium and nitrogen (Takeno, 2005), the effect of ORP on
the speciation of selenium and nitrogen in FBR1 was also studied. The
results showed that during phase i, elemental Se was the main end
product from selenate reduction when ORP setpoints were between
− 520 mV and − 440 mV. Selenite accumulated during days 12–106
(0.01–1.04 mM or 0.79–82.12 mg L-1 Se-SeO32-) at ORP setpoint higher
than − 520 mV, and reached a peak of 1.04 mM on day 45 at ORP set
point of − 360 mV. When ORP setpoint was − 360 mV both selenite and
elemental Se were the main end products (Fig. 4a). Selenite accumula
tion at such high redox potential could be ascribed to electron donor
limitation in the FBR1 (Figs. 2d and 4a). However, selenite concentra
tion decreased below the IC detection limit of 4.19 μM (0.33 mg L-1
Se-SeO32-) during days 107–134. Apart from selenite and elemental Se,
other byproducts such as methylseleninic acid (MSA, CH3SeO2H), sele
nocyanate (SeCN-) and selenosulfate (SeSO32-) were also detected in the
FBR1 effluent at ORP setpoint − 520 mV (Fig. 4b), albeit only at
extremely low concentrations (0.02 μM). MSA was a possible methyl
ation product of selenate and its presence in the FBR revealed that the
8

S. Yan et al.

(a) 6

TECR selenate
TECR sulfate

TECR nitrate
AECR

3
2
1

6

80
60
40
20

-520

0

-480 -440 -400 -360
ORP (mV vs. Ag/AgCl)

TECR selenate
TECR sulfate

TECR nitrate
AECR

(d)

-520 -480 -440 -400 -360
ORP (mV vs. Ag/AgCl)

ETE selenate
ETE sulfate

ETE nitrate

100

5
4
3
2
1

0

ETE nitrate

100

Electron transfer
efficiency (%)

Rate (mM e h-1)

FBR1: Phase ii-iii

(c)

(b)
Electron transfer
efficiency (%)

4

0

ETE selenate
ETE sulfate

120

5
Rate (mM e h-1)

FBR1: Phase i

Journal of Hazardous Materials 424 (2022) 127539

-480 (phase ii)

80
60
40
20
0

-480 (phase iii)

ORP (mV vs. Ag/AgCl)

-480 (phase ii) -480 (phase iii)
ORP (mV vs. Ag/AgCl)

Fig. 5. Actual electron consumption rate (AECR electron, a, c), theoretical electron consumption rate (TECR, a, c) and efficiency (ETE, b, d) in the reduction of
selenate, nitrate or sulfate in FBR1 at various redox potential (ORP) setpoints.

Fig. 6. X-ray diffractogram of the solids collected from FBR1 effluent in phase iii.

121 ± 22.8% to 89.0 ± 5.5% (Fig. 5c,d). These values are close to the
corresponding values recorded at the same ORP setpoint of − 480 mV in
phase i. In phase iii, under higher sulfate loading rate, the total ETE

maintained at 91.7 ± 4.4% during stable FBR1 performance (Fig. 5c,d),
which was close to the value in phase ii, suggesting that high sulfate
stress did not impact the electron demand by microbes in FBR1.
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the precipitates were reported to be 6%, 28% and 7%, respectively (Tan
et al., 2018b). The recovery efficiency of elemental Se from FBR1
effluent was 37.5%, which was similar to that of 35− 58% previously
reported for an IFBR (Table 2) (Sinharoy et al., 2019). The low recovery
of elemental Se in this study may be related to the adsorption of
elemental selenium on GAC carrier or biofilm (Supplementary Fig. S1).
SEM and elemental map in Fig. 7a showed that the surface of mi
crobial cells was rich in Se, C, N and O. Fig. 7b further showed Se par
ticles attached to cells. EDS analysis of the surface of cells showed that Se
content in spectrum 6 was much lower than spectrum 8, confirming Se
aggregation at specific parts of the cell. The high indium content
detected in EDS analysis was due to the use of adhesive indium-tin oxide
slide for cell attachment. Figs. 7d-7e further show the aggregation of
particles and cells.
To determine the settling capacity of selenium particles in FBR1
effluent, TSS concentration and SVI of the FBR effluent and ξ-potential of
the solids recovered from the FBR1 effluent were determined (Table 2).
In literature, biogenic selenium nanoparticles have been reported to
have a negative ξ- potential due to the coating of proteins, which im
pacts aggregation and settling of selenium nanoparticles (Staicu et al.,
2015; Fischer et al., 2020). Even though the selenium containing solids
in FBR1 effluent showed a negative ξ-potential, the TSS and SVI values
suggested that the solids could be settled (Table 2). Jain et al. (2017b)

Table 2
Total suspended solids (TSS) concentration and sludge volume index (SVI), Zeta
potential (ξ-potential) and elemental Se recovery in FBR1 effluent in phase iii.
TSS (g L-1)
0.067 ± 0.01

SVI (mL g-1)

ξ-potential (mV)

Elemental Se recovery (%)

1.52 ± 0.22

-16.83 ± 1.2

37.52

3.2. Recovery of elemental Se from the FBR1
The solids recovered from FBR1 effluent were characterized for
elemental and mineralogical composition. Based on the elemental
analysis, the solids contained 71.26% Se, 10.1% TC, 8.05% TIC, 1.09%
S, 0.238% P, 0.117% Mg, 0.117% Si, 0.101% Na, 0.058% Ca and 0.034%
K. QXRD results showed that elemental Se, amorphous material and
quartz represented 71%, 28% and 1%, respectively of the mass of solids
recovered from FBR1 effluent (Fig. 6). The amorphous materials could
potentially include metal sulfates and other salts, metal carbonates, and
microbial components (cells or substances they produced, i.e., extra
cellular polymer substances). The results suggested elemental Se was the
main component of the collected solids. For comparison, the precipitates
formed in a granular sludge bioreactor used for treating model mine
drainage wastewater containing selenate, sulfate and nickel contained
SeS and Ni3S4 in addition to elemental Se0. The Se, S and Ni contents of

Fig. 7. Scanning electron micrographs (SEM) (a,b, d,e), elemental maps (a,b) and EDS spectra (c) of cells and particles from FBR1 effluent in phase iii.
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Fig. 8. Changes in sulfate (a), dissolved hydrogen sulfide (b), sulfate removal efficiency (c), sulfate removal rate (d), dissolved sulfide removal efficiency (e), ethanol
(f), acetate (g), alkalinity (h), pH (i), ORP (j) in FBR2 or SOR and electron consumption rate and electron transfer efficiency in sulfate reduction (h) in FBR2 over time.

reported a ξ- potential of − 34.2 ± 0.4 mV (pH 7.3 and T = 30 ℃) for
selenium nanoparticles produced by anaerobic granular sludge and this
is much lower than what was observed in this study. Overall, the results
of this study further confirm that Se containing solids produced by the
GAC-biofilm can be recovered by gravity sedimentation.

sulfate concentration in FBR2 from 20.5 to 3.0 mM (from 1970 to
288 mg SO42- L-1) was recorded from day 17 to day 49 (Fig. 8a), during
which dissolved hydrogen sulfide concentration increased from 7 mM to
23 mM (from 232 to 761 mg HS- L-1), suggesting that the SRB had
adapted to the influent (Fig. 8b). On day 49, sulfate removal efficiency
and dissolved sulfide production were stabilized in FBR2 with average
sulfate removal efficiency and rate of 88 ± 1% and 0.2 ± 0.01 mM h-1
(460 ± 8 mg SO42- L-1 d-1), respectively, and dissolved sulfide concen
tration of 19.8 ± 1.2 mM (655 ± 40 mg HS- L-1) during days 49–66
(Fig. 8a–d). Sulfate removal rate in this study was much lower than the
value previously reported by Kaksonen et al. (2004). In their study,
ethanol-fed FBR achieve a very high sulfate removal rate of 4.3 g L-1 d-1
at a short HRT of 6.5 h during the treatment of acidic mine water con
taining sulfate and metals. Therefore, further studies could explore the
optimization of FBR2 operation to improve sulfate removal rate, for
example by decreasing the long HRT (96 h) to a short one.
In SOR, dissolved sulfide removal efficiency stabilized at 88 ± 1.3%
during days 17–66 (Fig. 8e). However, sulfate concentration in SOR was

3.3. Sulfate reduction in FBR2 and sulfide oxidation in SOR
3.3.1. FBR2 and SOR performance
After the recovery of elemental selenium, the FBR1 effluent with
high sulfate concentration required further treatment prior to being
discharged into the environment. Therefore, FBR1 effluent was sub
jected to biological sulfate reduction in FBR2 and subsequent dissolved
sulfide oxidation in SOR (Fig. 8).
The results showed that during the first 10 days, sulfate concentra
tion in FBR2 effluent did not notably change, suggesting that sulfate
reducing bacteria were not able to adapt to the changes of influent
composition in a short period (Fig. 8a). Thereafter, an obvious decline of
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S. Yan et al.

Journal of Hazardous Materials 424 (2022) 127539

6.9 mM (663 mg SO42- L-1) higher than FBR2 on day 17 (Fig. 8a), which
may be related to the over-oxidation of dissolved sulfide (approximately
7 mM, Fig. 8b) to sulfate. With the increase of dissolved sulfide con
centration during days 17–66 in SOR (Fig. 8b), sulfate concentration in
SOR effluent decreased from 29 mM to 11.6 mM and sulfate production
rate decreased from 3.64 mM h-1 to 2.3 mM h-1 (Fig. 8a–d), which
suggested less dissolved sulfide was overoxidized to sulfate at high-level
dissolved sulfide. The overall removal efficiencies of sulfate and dis
solved sulfide after the SOR treatment were 46.3 ± 0.86% and
88 ± 1.3%, respectively (Fig. 8c and d). The very low concentration of
selenate (1.84 μM selenate) in FBR2 influent decreased below IC
detection limit (0.94 μM selenate) in FBR2 and SOR, suggesting that
selenate may be reduced or adsorbed by microorganisms in FBR2.
The oxidation of ethanol and acetate in FBR2 and SOR was moni
tored during the process operation. The results showed that 100% of
ethanol was removed in FBR2 (Fig. 8f), but ethanol was not completely
oxidized by SRB with 3.58 ± 0.53 mM acetate being produced during
days 36–66 (Fig. 8g). However, the acetate in FBR2 was further removed
in the SOR during days 19–66 (Fig. 8g), suggesting that aerobic acetate
oxidizing bacteria may be present in the dissolved sulfide oxidation
process, facilitating the low organic carbon concentration in final
effluent. Ethanol oxidation in FBR2 resulted in a stable production of
16.67 ± 0.79 mM alkalinity during days 49–66 (Fig. 8f), which buffered
the FBR2 effluent pH to 7.6 ± 0.2 (Fig. 8i). Solution pH in SOR effluent
was 7.9 ± 0.1 which was higher than FBR2 effluent during days 49–66
(Fig. 8i), which may be caused by the oxidation of residual acetate in
SOR.
ORP in FBR2 was − 473 ± 5.5 mV which was similar to FBR1
effluent redox potential (Fig. 8j). Despite the similar redox potential,
only FBR2 could facilitate sulfate reduction, suggesting a thermody
namic inhibitory effect by selenate and nitrate on sulfate reduction. On
the other hand, the absence of SRB in FBR1 may also have prevented
sulfate reduction in this reactor. ORP in SOR was − 410.5 ± 6.2 mV,
which may have been a result of the presence of elemental sulfur and
residual dissolved sulfide (2–3 mM) (Fig. 8j) in this reactor.

ethanol/sulfate molar ratio in influent could be decreased from 1 to a
stoichiometric value of 0.67 to enhance SRB competition with fermen
tative bacteria for substrates in the FBR2.
3.4. Implications and findings
This study, for the first time, demonstrated that controlling the ORP
of a FBR via feedback-dosing of ethanol was effective to facilitate se
lective reduction of selenate and nitrate in the presence of sulfate and
optimize the reduction of selenate and nitrate from wastewater with a
minimal wastage of ethanol. This approach also allowed the recovery of
high purity elemental Se from FBR1 effluent. Tan et al. (2018b) reported
that biological selenate and sulfate reduction in single UASB or bio
trickling filter reactor resulted in the formation of carcinogenic selenium
monosulfide (SeS) during the treatment of model mine drainage
wastewater containing selenate, sulfate and nickel. However, such
hazardous SeS was not found in the effluent of FBR1 of this study,
suggesting the two-stage system with a sulfate reduction separated to
the second stage was beneficial for avoiding SeS production. As
compared with others bioreactors, FBR1 enabled faster selenate removal
rate of 0.396 ± 0.009 mM h-1 (31.3 ± 0.7 mg Se-SeO42- L-1 h-1) than
what has been previously reported for other types of reactors, such as
membrane-biofilm reactor (0.5 mg Se-SeO42- L-1 h-1) (Lai et al., 2016),
up-flow anaerobic sludge blanket reactor (0.1 mg Se-SeO42- L-1 h-1)
(Lenz et al., 2009), inverse fluidized bed reactor (5.8 mg Se-SeO42- L-1
h-1) (Cheng et al., 2021), continuous flow stirred tank reactor (11.8 mg
Se-SeO42- L-1 h-1) (Fujita et al., 2002) and sequencing batch reactor
(17.4 mg Se-SeO42- L-1 h-1) (Song et al., 2021).
Since the chemical oxygen demand (COD)/oxyanions molar ratio
can influence biological removal of oxyanion in wastewater (Sahinkaya,
2009), COD/oxyanions molar ratio was calculated at various redox
potentials in this study to serve as reference for future studies on se
lective removal of selenate, nitrate and sulfate from wastewater
(Table 3). The optimal COD/oxyanions molar ratio was 0.99 ± 0.05 at
ORP setpoint of − 480 mV. Regulating the ethanol loading rate based on
at ORP (− 480 mV) reduces the cost of selenate and nitrate removal from
wastewater. The production of alkalinity from ethanol oxidation with
selenate, nitrate and sulfate as electron acceptors neutralized the acidity
of the wastewater. Subsequent sulfate reduction and dissolved sulfide
oxidation removed sulfate from FBR1 effluent. The FBR2 improved
sulfate reduction from 0% to 86% and the SOR oxidized 88 ± 1.3% of
the dissolved sulfide.
The concentrations of nitrate and selenite in FBR1, FBR2 and SOR
effluent were below IC detection limits of 0.01 mM (0.64 mg NO3- L-1)
and 4.19 μM (0.33 mg Se-SeO32- L-1), respectively and selenate con
centrations in FBR2 and SOR were below IC detection limit of 0.94 μM
(0.074 mg Se-SeO42-L-1). The final nitrate concentration should meet the
strict requirement of drinking water standard in China (10 mg NO3- L-1)
(Anon, 2006), Australia (50 mg NO3- L-1) (Anon, 2011) or WHO (50 mg
NO3- L-1) (WHO, 2011). In this study, selected FBR1 effluent samples
were analyzed by a specialized analytical laboratory (Brooks Applied
Labs, USA) for Se-speciation and total dissolved selenium analyses. The

3.3.2. Efficiency of electron transfer from ethanol to sulfate in FBR2
The changes of AECR, TECR and ETE in sulfate reduction during
FBR2 process over time are shown in Fig. 8h. The results showed that
AECR decreased from 2.6 mM e h-1 to 2.28 mM e h-1 from day 1 to day
49, which was caused by incomplete oxidation of ethanol to acetate after
day 10. Nevertheless, AECR was always higher than TECR in the FBR2
process. During days 1–49, due to the enhanced SRB activities, TECR
sulfate increased from 0.14 mM e h-1 to 1.55 mM e h-1 along with ETE
sulfate increasing from 5.28% to 67.97%. Thereafter, AECR, TECR and
ETE stabilized at 2.31 ± 0.04 mM e h-1, 1.58 ± 0.05 mM e h-1 and
68.16 ± 1%, respectively, during days 49–66. The rest of the electrons
may have been used for biomass growth and fermentative reactions as
suggested in previous studies (Bayrakdar et al., 2009; Sahinkaya et al.,
2011). ETE for sulfate in FBR2 was lower than 76 ± 10% achieved by an
ethanol-fed FBR reported by Kaksonen et al. (2004), suggesting that the
ETE for sulfate in FBR2 could be further optimized. For instance,

Table 3
Molar ratio between ethanol loading rate calculated as chemical oxygen demand (COD) and oxyanions (selenate, nitrate and sulfate) loading rate and the summary of
the removal efficiencies and rates of selenate, nitrate and sulfate at various redox potential (ORP) in FBR1.
Phase

ORP setpoints

COD/oxyanions molar ratioa

(mV vs. Ag/AgCl)
i
i
i
i
i
ii
iii
a

-520
-480
-440
-400
-360
-480
-480

1.06±0.04
0.99±0.05
0.91±0.05
0.83±0.14
0.66±0.08
1.04±0.07
0.47±0.03

Selenate removal

Nitrate removal

Sulfate removal

(mM h-1)

(%)

(mM h-1)

(%)

(mM h-1)

(%)

0.41±0.01
0.41±0.01
0.42±0.01
0.37±0.02
0.32±0.07
0.40±0.01
0.41±0.02

99.8±0.2
99.6±0.3
99.1±1.3
88.7±9.0
79.4±18.1
99.2±1.7
99.4±2.8

0.39±0.01
0.40±0.01
0.41±0.01
0.41±0.02
0.40±0.01
0.40±0.02
0.40±0.01

100±0.1
100±0.1
100±0.1
99.9±0.1
99.8±0.03
99.7±0.03
100±0.1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

COD/oxyanions molar ratio = COD/(selenate + nitrate +sulfate)
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results suggested that the total dissolved selenium concentration in the
FBR1 effluent obtained at the end of the process (day 134, HRT 12 h)
was 0.344 mM (27.2 mg Se L-1), which was beyond the maximum
permissible discharge limit of 0.1 mg Se L-1 in municipal or industrial
wastewater in China (Anon, 2002) and Japan (Fujita et al., 2002).
Therefore, further removal of the residual Se is required after the FBR1
treatment. However, since the final process effluent was not analyzed for
total dissolved selenium, further studies are required to confirm if the
proposed multi-stage biotreatment process could produce effluent with
total Se below the permissible discharge limit. For sulfate, the
over-oxidation of dissolved sulfide in SOR resulted in the increase of
sulfate concentration from 2.4 mM (238 mg L-1) to 11.57 mM
(1111 mg L-1), which was higher than the drinking water limits set by
China (250 mg L-1) and Australia (250 mg L-1) (Anon, 2006, 2011).
Therefore, future studies should explore the optimization of the opera
tional parameters of the SOR to maximize the conversion of dissolved
sulfide to elemental sulfur, enabling sulfur recovery. For instance, the
aeration rate in the SOR requires further optimization to minimize the
overoxidation of dissolved sulfide to sulfate. Additionally, future work
should also evaluate microbial communities in FBR1 at various ORPs to
understand microbial community changes and their relationship with
the performance of the FBR1 process. Moreover, the microbial compo
sition in FBR2 and SOR should also be further studied to increase the
understanding of sulfate, dissolved sulfide and acetate removal in these
reactors.
Future studies could also explore the recovery of the elemental se
lenium and sulfur from the effluent using solid/liquid separation sys
tems such as settling, continuous centrifugation or tangential flow
filtration. In this study FBR1 effluent was centrifuged at 20,000 g for
20 min to remove elemental selenium before the use of the effluent as an
influent in FBR2, but the centrifugal force and time were not optimized.
Staicu et al. (2015) compared various solid/liquid separation methods,
including filtration, centrifugation and coagulation/flocculation with
either ferric chloride or aluminum sulfate for the recovery of colloidal
biogenic selenium from wastewater. The centrifugal speeds tested in the
study were relatively low (1500–4500 rpm), as compared to the g-force
used in the present study (20,000 g). Aluminum sulfate
coagulation-flocculation at a dose of 10-3 M and centrifugation at
4500 rpm achieved similar turbidity removal (92 ± 2% and 91 ± 2%,
respectively), whereas the filtration (0.45 µm filter) and ferric chloride
coagulation-flocculation at a dose of 2.7 × 10-4 M enabled only 87 ± 1%
and 43 ± 4% turbidity removal, respectively. The authors noted that
aluminum sulfate and ferric chloride are currently employed as co
agulants on a large scale, but suggested that due to energy consumption
and other capital and operating expenses centrifugation could not be
employed in full-scale (Staicu et al., 2015). However, the presence of Al
in the sludge resulting from aluminum-sulfate coagulation-flocculation
may complicate possible downstream selenium recovery processes as
compared to the sludge recovered with centrifugation.

sulfate removal efficiency in the second integrated process was
approximately 46.3% due to the over-oxidation of the dissolved sulfide
in SOR. Overall, based on ORP feedback dosing of ethanol, a two-stage
biological system was developed for a sequential removal of selenate,
nitrate and sulfate from wastewater. The process also facilitated and the
recovery of elemental Se.

4. Conclusions

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2021.127539.
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Appendix A. Supporting information

This study demonstrated that ORP feedback dosing of ethanol was
able to facilitate selective reduction of selenate and nitrate from
wastewater, which also contained sulfate. Such a dosage of ethanol was
demonstrated to reduce wastage of ethanol, reducing operational costs.
At ORP setpoints between − 520 mV and − 480 mV, selenate and ni
trate were completely removed in the FBR1. At ORP setpoints higher
than − 440 mV, selenate reduction was incomplete, whereas nitrate
removal remained stable. An optimal ORP of − 480 mV was identified
for FBR1 whereby selenate and nitrate were completely removed from
the wastewater. High sulfate concentration had no notable effect on the
reduction of both selenate and nitrate at − 480 mV. The recovery effi
ciency of elemental Se from FBR1 effluent was 37.5% with 71% purity.
In the second step, FBR2 could effectively convert 86% of the remaining
sulfate from FBR1 effluent to dissolved hydrogen sulfide, but the overall
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